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REGENERATIVE POWER SUPPLY SYSTEM

TECHNICAL FIELD

[0001] The present invention relates to a regenerative
power supply system including a high-energy first power
storage device and a high-output second power storage device
that are connected in parallel, for use in brake regeneration in
avehicle, an electric vehicle, a railroad vehicle, or other types
of vehicles and output leveling in solar power generation or
the like.

BACKGROUND ART

[0002] In a regenerative power supply system including a
high-energy first power storage device and a high-output
second power storage device that are connected in parallel,
the high-output second power storage device is responsible
for instantaneous charge/discharge, and the high-energy first
power storage device is responsible for long-term charge/
discharge. This method has heretofore been proposed to
improve the cycle life by reducing damage to the high-energy
first power storage device caused by repeated charge/dis-
charge.

[0003] An example of the conventional regenerative power
supply system for electric railways includes such a configu-
ration as illustrated in FIGS. 1 and 2 of Patent Literature 1 in
which a storage cell (high-energy first power storage device)
and an electric double layer capacitor (high-output second
power storage device) are connected in parallel.

[0004] As shown in FIG. 5 of Patent Literature 1, the elec-
tric double layer capacitor is responsible for 100% of a charge
current in the initial stage and the proportion of the storage
cell is gradually increased, and the electric double layer
capacitor is responsible also for 100% of a discharge current
in the initial stage and the proportion of the storage cell is
gradually increased.

[0005] InPatent Literature 1, the charge current flows to the
regenerative power supply system when a brake is applied to
a train and a motor functions as a generator to generate a
regenerative current, and the discharge current flows from the
regenerative power supply system when the train accelerates
and the motor outputs large torque so that large electric power
and a powering current are required.

[0006] Similarly, Patent Literature 2 describes the details of
the configuration for railroad use in which a storage cell
(high-energy first power storage device) and an electric
double layer capacitor (high-output second power storage
device) are connected in parallel, and a charge/discharge con-
trol method therefor. Paragraph [0035] of Patent Literature 2
describes (1B) the control after the end of regenerative opera-
tion, in which, after the end of regenerative operation, a
booster chopper (DC/DC converter) is controlled to start dis-
charge from the electric double layer capacitor to the storage
cell.

[0007] Possible usage of this regenerative power supply
system for railroad use is to stabilize feeding or prevent regen-
eration cancellation when mounted on a railroad car or
installed as a ground facility.

[0008] Also for electric vehicles, a similar regenerative
power supply system has heretofore been proposed. For
example, FIG. 1 of Patent Literature 3 illustrates the configu-
ration of a regenerative power supply system in which a
high-energy battery and a high-output battery are connected
in parallel via a 2-quadrant current chopper (DC/DC con-
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verter), which is for use in an electric vehicle or a hybrid
electric vehicle whose power source is a DC power supply
and an internal combustion engine.

[0009] FIG. 3 of Patent Literature 3 shows changes in cur-
rent and voltage during deceleration. The high-energy battery
(main battery) is responsible for a given level of the regen-
erative current, and the high-output battery (capacitor) is
responsible for a regenerative current exceeding this level.
[0010] Similarly, FIG. 1 of Patent Literature 4 illustrates a
regenerative power supply system for use in a vehicle or a
hybrid vehicle. When a vehicle is estimated to move back-
ward during a stop uphill or in other such situations, electric
power charged in a capacitor is discharged to a secondary
battery so as to prevent a decrease in backward suppressing
torque, which is otherwise decreased if the capacitor is in a
fully-charged state and a regenerative current for backward
movement is therefore charged only in the secondary battery.
In other words, this regenerative power supply system
assumes the discharge from the capacitor to the secondary
battery during a stop.

CITATION LIST

Patent Literature
[0011] [PTL 1]JP 2001-260718 A (FIGS. 1, 2, and 5)
[0012] [PTL 2] JP 2004-358984 A ([0035])
[0013] [PTL 3]JP 10-271611 A (FIGS. 1 and 3)
[0014] [PTL 4] JP 2008-30682 A (FIGS. 1 and [0005] to

[0021])
SUMMARY OF INVENTION
Technical Problems

[0015] The conventional regenerative power supply sys-

tems in which the high-energy first power storage device and
the high-output second power storage device are connected in
parallel are configured as described above to perform the
charge/discharge control. If a regenerative current flows and
another regenerative current flows subsequently, the regen-
eration cannot be performed by the already-charged high-
output second power storage device, and the high-energy first
power storage device needs to be used for charge of a regen-
erative current. Thus, there has been a problem in that the life
of' the first power storage device cannot be extended.

[0016] Avoiding the reduction in life of the first power
storage device has left another problem in that it is necessary
to prepare a high-output second power storage device having
a capacity sufficient for the high-energy first power storage
device.

[0017] The present invention has been made in view of the
above-mentioned problems, and it is an object thereof to
provide a regenerative power supply system capable of
extending the life of a high-energy first power storage device
by using a high-output second power storage device thatis as
small a capacity as possible with respect to the first power
storage device.

Solution to Problems

[0018] A regenerative power supply system according to
the present invention includes: a first power storage device of
high energy type and a second power storage device of high
output type, which are connected in parallel; a first ammeter
and a first voltmeter for measuring a current and a voltage of
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the first power storage device, respectively; a second ammeter
and a second voltmeter for measuring a current and a voltage
of the second power storage device, respectively; a first
DC/DC converter for controlling charge/discharge of the first
power storage device; a second DC/DC converter for control-
ling charge/discharge of the second power storage device; and
a control device for controlling the first DC/DC converter
based on each output of the first ammeter and the first volt-
meter and controlling the second DC/DC converter based on
each output of the second ammeter and the second voltmeter,
in which the control device includes charge/discharge control
means including: a function of using the control device to
control, with regard to reception of a regenerative current
exceeding a current value I, set at a power migration start
point, in an initial stage of regeneration (t=0), the first power
storage device to be assigned with a regenerative current
equal to or smaller than the current value I, set at the power
migration start point and control the second power storage
device to be assigned with the regenerative current exceeding
the current value [, set at the power migration start point, and
increasing a sharing current 1,(t) of the first power storage
device to a maximum allowable current value of the first
power storage device along a curve with a lapse of time; and
a function of using the control device to perform discharge
from the second power storage device to the first power stor-
age device when the charge current I, (t) of the first power
storage device is equal to or smaller than the current value (I,)
set at the power migration start point in a period during which
the regenerative current exceeding the current value set at the
power migration start point is being charged in the first power
storage device.

Advantageous Effects of Invention

[0019] According to the regenerative power supply system
of the present invention, the second power storage device is
assigned only with the regenerative current exceeding the
current value set at the power migration start point, and the
sharing ratio of the first power storage device is increased
with time along a sine curve so that the sharing ratio of the
second power storage device becomes zero. Thus, there is an
effect that the regenerative current can be increased in accor-
dance with the controlled reaction rate of the first power
storage device so that the damage to the first power storage
device caused by the increased regenerative current can be
suppressed as much as possible. There is another effect that
wasted charge to the second power storage device can be
prevented because the sharing ratio of the second power stor-
age device is zero. If the charge current falls below the current
value set at the power migration start point in the state where
the first power storage device is being charged with a regen-
erative current exceeding the current value set at the power
migration start point, the discharge from the second power
storage device to the first power storage device is started.
Thus, there is an effect that the electric power charged in the
second power storage device can be migrated quickly to the
first power storage device in a range in which the first power
storage device is less damaged, and it is therefore possible to
prepare for the next regeneration quickly.

BRIEF DESCRIPTION OF DRAWINGS

[0020] FIG.1isablock diagram illustrating a configuration
of a regenerative power supply system according to a first
embodiment of the present invention (Example 1).
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[0021] FIG. 2 is an explanatory diagram showing a charge/
discharge operation of the regenerative power supply system
according to the first embodiment of the present invention
(Example 1).

[0022] FIG. 3 is an explanatory diagram showing sharing
roles of first and second power storage devices of the regen-
erative power supply system according to the first embodi-
ment of the present invention (Example 1).

[0023] FIG. 4 is an explanatory diagram showing a rela-
tionship between a threshold of a charge current to a lithium
ion battery and the number of damages (Example 1).

[0024] FIG. 5isablock diagram illustrating a configuration
of'a regenerative power supply system according to a second
embodiment of the present invention (Example 2).

[0025] FIG. 6 is an explanatory diagram showing a charge/
discharge operation of a regenerative power supply system
according to a third embodiment of the present invention
(Example 3).

[0026] FIG. 7 is a flowchart illustrating a charge/discharge
control operation of the regenerative power supply system
according to the third embodiment of the present invention
(Example 3).

[0027] FIG. 8 is an explanatory diagram showing a set
value of the ratio of a current value at a power migration start
point to a maximum allowable current value of the first power
storage device with respect to temperature of the first power
storage device in the regenerative power supply system
according to the third embodiment of the present invention
(Example 3).

[0028] FIG. 9 is an explanatory diagram showing a set
value of the ratio of the current value at the power migration
start point to the maximum allowable current value of the first
power storage device with respect to an SOC level of the first
power storage device in the regenerative power supply system
according to the third embodiment of the present invention
(Example 3).

DESCRIPTION OF EMBODIMENTS

[0029] Referring to the accompanying drawings, a regen-
erative power supply system according to exemplary embodi-
ments of the present invention is described below.

First Embodiment

[0030] A regenerative power supply system according to a
first embodiment of the present invention is now described
with reference to FIGS. 1 to 4. FIG. 1 is a block diagram
illustrating a configuration of the regenerative power supply
system according to the first embodiment of the present
invention. In the following, the same reference symbols in the
drawings represent the same or corresponding components.

[0031] In FIG. 1, the regenerative power supply system
according to the first embodiment of the present invention
includes a lithium ion battery 1 as a high-energy first power
storage device, an electric double layer capacitor 2 as a high-
output second power storage device, a first ammeter Al and a
first voltmeter V1 for measuring a current and a voltage of the
lithium ion battery 1, a second ammeter A2 and a second
voltmeter V2 for measuring a current and a voltage of the
electric double layer capacitor 2, a first DC/DC converter 3
for controlling charge/discharge of the lithium ion battery 1,
asecond DC/DC converter 4 for controlling charge/discharge
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of the electric double layer capacitor 2, and a control device
10 for controlling the first DC/DC converter 3 and the second
DC/DC converter 5.

[0032] The lithium ion battery 1 and the electric double
layer capacitor 2 are connected in parallel. The first DC/DC
converter 3 and the second DC/DC converter 4 are also con-
nected in parallel. The control device 10 controls the first
DC/DC converter 3 and the second DC/DC converter 4 based
on the current and the voltage of the lithium ion battery 1
measured by the first ammeter Al and the first voltmeter V1
and the current and the voltage of the electric double layer
capacitor 2 measured by the second ammeter A2 and the
second voltmeter V2, respectively, to thereby control the
charge/discharge of the lithium ion battery 1 and the electric
double layer capacitor 2. An ammeter A3 for measuring an
overall current is not always necessary, and a total value of the
first ammeter A1 and the second ammeter A2 may be used.
[0033] A regeneration/powering operation source 100 is
different depending on the application of the regenerative
power supply system. For electric railways, for example, the
regeneration/powering operation source 100 may be one for
in-vehicle use designed for brake regeneration and one for
ground use designed for feeding stabilization. For in-vehicle
use, the regeneration/powering operation source 100 is an
in-car power supply system connected to a motor, and, for
ground use, the regeneration/powering operation source 100
is a power converter for connection to a feed line. For electric
vehicles or hybrid vehicles, the regeneration/powering opera-
tion source 100 is an inverter for a motor. For general vehicles,
the regeneration/powering operation source 100 corresponds
to aninverter for an alternator directly connected to an engine.
For idle-stop vehicles, the regeneration/powering operation
source 100 corresponds to an inverter for a motor-generator.
For solar power generation systems, the regeneration/power-
ing operation source 100 corresponds to a DC/DC converter
connected to a power supply of a solar panel. The first
embodiment of the present invention is applicable to any of
the applications.

[0034] Next, the regenerative power supply system accord-
ing to the first embodiment of the present invention is
described below with reference to the accompanying draw-
ings.

[0035] FIG. 2 is an explanatory diagram showing a charge/
discharge operation of the regenerative power supply system
according to the first embodiment of the present invention.
[0036] In FIG. 2, the horizontal axis represents time on a
time scale of several seconds, though numerals are not shown.
The vertical axis represents a charge current and a discharge
current.

[0037] FIG. 2 shows a trapezoidal charge instruction from
the regenerative/powering operation source 100 to the control
device 10. FIG. 2 schematically shows a simplified waveform
of the regenerative current for typical brake regeneration,
which rises abruptly in the initial stage of charge and gradu-
ally decreases at the end of charge. A current value S indicates
a power migration start point PS. When the current value
exceeds this current value S, the control device 10 controls the
first DC/DC converter 3 to start charging the lithium ion
battery 1. A charge current I1 to the lithium ion battery 1
changes with time along a sine curve. Thus, the effect of
avoiding charge at the rate exceeding the reaction rate of the
lithium ion battery 1 can be obtained. This is because the
reaction rate of the lithium ion battery 1 is controlled by the
supply rate of a reactant and hence the current amount suit-
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able for smooth reaction changes along a sine curve. The
current value S set at the power migration start point PS is a
maximum charge current value at which the lithium ion bat-
tery 1 is hardly damaged even when charged with this current
directly.

[0038] The electric double layer capacitor 2 is assigned
with the charge of a regenerative current exceeding the power
migration start point PS. The sharing ratio of the electric
double layer capacitor 2 is gradually decreased and becomes
zero in the midpoint of the regenerative current. Accordingly,
the waveform of a regenerative charge current 12 to the elec-
tric double layer capacitor 2 has a shape of a triangle ruler or
a boomerang.

[0039] In many cases, depending on the application, the
regenerative current shows a steep rise and has a tail as shown
in FIG. 2, rather than becoming zero steeply.

[0040] In the first embodiment of the present invention, at
the timing at which the charge current falls below the power
migration start point PS, the control device 10 controls the
first DC/DC converter 3 and the second DC/DC converter 4 to
start charge [21C from the electric double layer capacitor 2 to
the lithium ion battery 1, that is, discharge 121D from the
electric double layer capacitor 2 to the lithium ion battery 1.
[0041] The charge current 121C from the electric double
layer capacitor 2 to the lithium ion battery 1 and the discharge
current 121D from the electric double layer capacitor 2 to the
lithium ion battery 1 have basically the same value. The tail
portion of the waveform at the end of charge has a shape like
the mouth of a huge snake, which is the feature of the first
embodiment of the present invention. This charge currentis a
current that hardly damages the lithium ion battery 1 when
charging the lithium ion battery 1. The charge current 121C
from the electric double layer capacitor 2 to the lithium ion
battery 1 may be used to maintain the current value S set at the
power migration start point PS, but, when the current is
decreased, i°R losses, that is, the losses caused by the lithium
ion battery 1, the electric double layer capacitor 2, the first
DC/DC converter 3, the second DC/DC converter 4, wirings,
and internal resistances thereof can be greatly reduced.
[0042] FIG. 3 is an explanatory diagram showing sharing
roles of the first and second power storage devices of the
regenerative power supply system according to the first
embodiment of the present invention.

[0043] The table of FIG. 3 shows the sharing of the electric
double layer capacitor 2 and the lithium ion battery 1 in each
operation mode. A charge/discharge control algorithm of the
control device 10 is designed based on the table. In the case
where the operation mode is regeneration, the supplement
(charge) of the electric double layer capacitor 2 is not per-
formed in a range where the regenerative current falls below
the current value S set at the power migration start point PS.
When the regenerative current exceeds the current value S set
atthe power migration start point PS, the supplement (charge)
of'the electric double layer capacitor 2 is started. In this case,
the supplement ratio of the electric double layer capacitor 2 is
set so that a charge curve of the lithium ion battery 1 may
change substantially along a sine curve. The electric double
layer capacitor 2 is increased in cell voltage as the state of
charge becomes higher. Therefore, simply by controlling the
current value of the electric double layer capacitor 2 to be
constant, the charge curve of the lithium ion battery 1 changes
substantially along a sine curve.

[0044] After that, when the regenerative current falls below
the current value S set at the power migration start point PS,
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the electric power stored in the electric double layer capacitor
2 starts to migrate to the lithium ion battery 1, in other words,
power migration starts. In this period, the charge current to the
lithium ion battery 1 is a value obtained by adding the charge
current from the electric double layer capacitor 2 to the regen-
erative current (regeneration+CAP).

[0045] In the case where the operation mode is powering,
the current is generated when torque is necessary for rotating
the motor. The current is preferentially discharged from the
electric double layer capacitor 2, and is discharged from the
lithium ion battery 1 to compensate for the shortage.

[0046] Specifically, the control device 10 controls the first
DC/DC converter 3 and the second DC/DC converter 4 so
that, with regard to the reception ratio of the regenerative
current, the electric double layer capacitor 2 (second power
storage device) is assigned with a regenerative current
exceeding the current value S set at the power migration start
point PS in the initial stage of regeneration, and the sharing
ratio ofthe lithium ion battery 1 (first power storage device) is
increased along a sine curve with a lapse of time so that the
sharing ratio of the electric double layer capacitor 2 becomes
zero. Then, if the charge current is equal to or smaller than the
current value S set at the power migration start point PS in a
period during which the regenerative current exceeding the
current value S set at the power migration start point is being
charged in the lithium ion battery 1, the discharge from the
electric double layer capacitor 2 to the lithium ion battery 1is
started.

[0047] The series of the charge/discharge control by the
control device 10 described above allows even an electric
double layer capacitor 2 having a small capacity to discharge
electric power immediately to maintain an empty state with-
out continuing a fully-charged state. It is therefore possible to
deal with a successive regenerative current and alleviate the
damage to the lithium ion battery 1. Particularly at the start of
charge, the electric double layer capacitor 2 is not assigned
with a regenerative current more than necessary, and the
electric double layer capacitor 2 supplements a regenerative
current to the minimum extent necessary so that the charge
reaction of the lithium ion battery 1 shows an ideal curve.
Thus, the damage to the lithium ion battery 1 can be reduced
effectively with a small supplement of charge.

[0048] Now,acharge/discharge simulation test is described
below. The lithium ion battery 1 formed of 30 cells of 50-Ah
lithium ion batteries connected in series and the electric
double layer capacitor 2 formed of 20 cells of 1,000-F electric
double layer capacitors connected in series were connected in
parallel via the first and second DC/DC converters 3 and 4,
respectively. A total voltage and a total energy amount of the
lithium ion battery 1 were about 100 V and about 5.6 kWh,
respectively, and a maximum rated voltage and a total energy
amount of the electric double layer capacitor 2 were 50V and
about 17 Wh, respectively. The total energy amount of the
electric double layer capacitor 2 is only 0.3% of that of the
lithium ion battery 1. In terms of cost, this system can be built
with only a small increase in cost. A maximum charge current
allowance of the lithium ion battery 1 was 100 A.

[0049] A JCO8 mode pattern, which is a representative
vehicle running mode, was input to the control device 10, and
a charge/discharge simulation test was performed to examine
achange in current and voltage with time. This simulation test
was conducted with six kinds of the current value S set at the
power migration start point PS; 50 A, 40 A, 30 A, 20 A, 10 A,
and 0 A. The change in current and voltage with time was also
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examined for a comparative example in which the electric
double layer capacitor 2 was not connected in parallel but the
lithium ion battery 1 was used alone.

[0050] It is difficult to determine the degradation of the
lithium ion battery 1 in a short period of time, and hence the
following number of damages is used. Specifically, the num-
ber of damages Y of the lithium ion battery 1 was calculated
based on Expression (1) below by using actually-measured
charge/discharge current and voltage values of the lithium ion
battery 1 and the electric double layer capacitor 2.

Y=SOCE*V/B o)

[0051] where I represents a maximum charge current [A]
during charge of the lithium ion battery 1, and B represents an
allowable maximum current [A] of the lithium ion battery 1.
[0052] In Expression (1), SOCE (state of charge end) is a
state of charge (SOC) [%] at the end of charge of the lithium
ion battery 1. For example, in the case where the lithium ion
battery 1 is charged from SOC50% to SOC70%, the SOCE is
used as 70 in the calculation of Expression (1). The SOC of
the lithium ion battery 1 can be calculated based on a cell
voltage or a total voltage of the lithium ion battery 1, but may
be calculated based on an integrated value of the charge/
discharge current of the lithium ion battery 1.

[0053] Further, in the case of the simulation test, the allow-
able maximum current [A]is 100 A. Therefore, the number of
damages can be calculated based on the maximum charge
current value I measured upon the completion of the charge of
the lithium ion battery 1.

[0054] The number of damages Y was integrated for a
single JCO8 mode. A series of the result is shown in FIG. 4.
FIG. 4 is an explanatory diagram showing the relationship
between the threshold of the charge current to the lithium ion
battery and the number of damages. In FIG. 4, the horizontal
axis represents the current value S [A] set at the power migra-
tion start point PS, and the vertical axis represents an inte-
grated value of the number of damages Y. The left end of the
graph shows a comparative example in which the lithium ion
battery was not connected in parallel to the electric double
layer capacitor 2.

[0055] Itwasfound that the number of damagesY exceeded
4,500 in the case where the lithium ion battery was not con-
nected in parallel to the electric double layer capacitor 2, and
the lithium ion battery 1 was more damaged by the charge in
the JCO8 mode. On the other hand, in the case where the
lithium ion battery was connected in parallel to the electric
double layer capacitor 2, the number of damages Y was sig-
nificantly reduced irrespective of the current value S [A] setat
the power migration start point PS. This simulation test has
demonstrated the effects of the first embodiment of the
present invention.

[0056] What is worth is that the number of damages Y is
maintained to be substantially zero when the current value S
[A] at the power migration start point PS is set to be 10 A to
20 A (10% to 20% of the maximum allowable current value).
It was revealed that the effects of the first embodiment of the
present invention were particularly high in this region. When
the current value S [A] exceeded 50 A greatly, the number of
damages Y was also increased greatly. It is therefore desired
that the current value S [A] at the power migration start point
PS be set in the range of from 10% to 50% of the maximum
allowable current value.

[0057] The simulation test was programmed so that the
discharge from the electric double layer capacitor 2 to the
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lithium ion battery 1 was performed so that electric power
migrated with about 5 A (5% of the maximum allowable
current value) when the regenerative current fell below the
current value S [A] set at the power migration start point PS.
The proportion to the maximum allowable current value is
desirably 1% or more and 10% or less. When the proportion
fell below 1%, discharge took too much time to be completed
before the next regeneration, which lowered the effect of
reducing the number of damages Y. On the other hand, when
the proportion exceeded 10%, a large loss by the internal
resistance occurred during power migration between the elec-
tric double layer capacitor 2 and the lithium ion battery 1
including the first and second DC/DC converters 3 and 4,
which deteriorated the regeneration efficiency.

[0058] Further, in the simulation test, the maximum storage
amount of the electric double layer capacitor 2 was 0.3% of
that of the lithium ion battery 1. The maximum storage
amount is desirably in the range of from 0.1% to 1%. When
the maximum storage amount falls below 0.1%, the internal
resistance of the electric double layer capacitor 2 is increased
to deteriorate the regeneration efficiency. On the other hand,
when the maximum storage amount exceeds 1%, the cost and
the volume are increased to reduce the added value as a
system.

Second Embodiment

[0059] Referring to FIG. 5, a regenerative power supply
system according to a second embodiment of the present
invention is described below. FIG. 5 is an explanatory dia-
gram illustrating a configuration of the regenerative power
supply system according to the second embodiment of the
present invention.

[0060] InFIG. 5, the second embodiment is different from
the above-mentioned first embodiment in that a high-energy
lithium ion battery 1 is used as a high-energy first power
storage device and a high-output lithium ion battery 2 is used
as a high-output second power storage device, and those
batteries are connected in parallel.

[0061] The high-energy lithium ion battery 1 may be a
large-sized lithium battery for electric vehicle use as used in
the first embodiment. The high-energy lithium ion battery 1
may be a large-sized lithium battery for hybrid vehicle use or
industrial use.

[0062] Inthecase where the high-output lithium ion battery
2 is used as the second power storage device, the voltage
variable range is limited, and the internal resistance becomes
larger than that of the electric double layer capacitor. It is
therefore desired that a maximum storage amount of the
high-output lithium ion battery 2 be 1% or more and 10% or
less of that of the high-energy lithium ion battery 1. If the
maximum storage amount of the high-output lithium ion bat-
tery 2 exceeds 1%, a larger loss occurs in charge/discharge
due to the internal resistance, and the regeneration efficiency
is deteriorated. On the other hand, if the maximum storage
amount of the high-output lithium ion battery 2 exceeds 10%,
the volume and the weight are increased much to reduce the
added value as a system.

[0063] Even when the high-output lithium ion battery 2 is
used instead of the electric double layer capacitor, the damage
to the high-energy lithium ion battery 1 can be reduced simi-
larly. In this case, however, the damage to the high-output
lithium ion battery 2 may be increased, but the maximum
storage amount of the high-output lithium ion battery 2 is 1%
or more and 10% or less of that of the high-energy lithium ion
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battery 1, and hence the effect that the high-output lithium ion
battery 2 can be replaced at less cost can be obtained.
[0064] While the case where the lithium ion battery is used
has been described above, the same effects can be obtained
even when a nickel hydride battery or a lead acid battery is
used.

[0065] While the above-mentioned second embodiment of
the present invention assumes a vehicle, it should be under-
stood that the same effects can be expected even in other
applications including electric railway use and leveling in
solar power generation.

Third Embodiment

[0066] Referring to FIG. 6 and a flowchart of FIG. 7,
charge/discharge control of a regenerative power supply sys-
tem according to a third embodiment of the present invention
is described below.

[0067] In the third embodiment of the present invention
illustrated in FIGS. 6 and 7, similarly to the above-mentioned
second embodiment, a high-energy lithium ion battery is used
as a high-energy first power storage device, and a high-output
lithium ion battery is used as a high-output second power
storage device. A maximum storage amount of the high-
output lithium ion battery 2 is 5% of that of the high-energy
lithium ion battery.

[0068] InFIG. 6, the chain line represents a time change in
regenerative current, the solid line represents a time change in
charge/discharge current of the first power storage device,
and the broken line represents a time change in charge/dis-
charge current of the second power storage device. In FIG. 6,
the regenerative current and the charge current have positive
values. In FIG. 6, unlike the case of FIG. 2, the regenerative
current from the motor has a steep mountain shape on the left
side. FIG. 2 corresponds to a motor when a relatively weak
brake is applied, and FIG. 6 corresponds to a motor when a
sudden brake is applied. Depending on the application, such
a charge current as shown in FIG. 6 may be generated instead
of a charge current accompanying a pre-established con-
trolled brake shown in FIG. 2.

[0069] The electric double layer capacitor is used in FIG. 2,
but, as understood from FIG. 6, even when the high-output
lithium ion battery is used, the same effects as those in FIG. 2
can be obtained to reduce the damage to the high-energy first
power storage device.

[0070] Now, the charge/discharge current shown in FIG. 6
is described below for each different elapsed time, a time TO
to a time T5.

[0071] At the time TO, the control device 10 detects the
generation of a regenerative current based on a motor brake
control signal or the like, and calculates an expected regen-
erative current. When the value of the expected regenerative
current does not exceed a current value I, (=50 A) set at the
power migration start point, only the first power storage
device is charged. When the value of the expected regenera-
tive current exceeds the current value I, set at the power
migration start point, this detection timing is set in an initial
stage of regeneration (t=0), and the sharing of the regenera-
tive current between the first power storage device and the
second power storage device is started.

[0072] Between the time TO to the time T1, a sharing cur-
rent (charge current) to the first power storage device gradu-
ally increases along a curve. This can prevent an adverse
effect caused by an abrupt charge of the first power storage
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device. The remaining regenerative current is assigned to the
second power storage device, and is charged in the second
power storage device.

[0073] Between the time T1 to the time T2, the sharing
current (charge current) to the first power storage device
reaches a maximum allowable current value I, - (=100 A) of
the first power storage device, and hence the sharing current
(charge current) to the first power storage device is fixed to the
value of the maximum allowable current value I, .

[0074] Between the time T2 to the time T3, the regenerative
current decreases to fall below the maximum allowable cur-
rentvalueI,,, (=100 A) of the first power storage device, and
hence the regenerative current is all charged in the first power
storage device.

[0075] Between the time T3 to the time T4, the regenerative
current decreases to fall below the current value I, (=50 A) set
at the power migration start point, and hence the regenerative
power stored in the second power storage device is discharged
to the first power storage device, and the charge to the first
power storage device is continued in the state where the
regenerative current is maintained to be the current value I,
(=50 A) set at the power migration start point. The first power
storage device is charged by a constant current of the current
value I, (=50 A) set at the power migration start point, and
hence the first power storage device is less damaged.

[0076] At the time T4, the regenerative power converges.
The conventional control device starts the operation of dis-
charging the regenerative power stored in the second power
storage device to the first power storage device at this timing.
In the third embodiment of the present invention, however,
most of the regenerative power stored in the second power
storage device has been already discharged to the first power
storage device at this timing.

[0077] The period between the time T4 and the time TS5 is a
period for discharging the regenerative power stored in the
second power storage device to the first power storage device.
Atthe timing of TS, all of the regenerative power stored in the
second power storage device has been discharged, and it is
ready to receive the next regenerative power. In the case
where a brake pedal is depressed several times separately, the
regenerative current as shown in FIG. 6 is repeatedly gener-
ated. According to the regenerative power supply system of
the third embodiment of the present invention, the regenera-
tive power stored in the second power storage device is
quickly discharged to the first power storage device, and
hence the regenerative power can be charged effectively by
the second power storage device having a smaller capacity
than a conventional one.

[0078] By using the means for gradually increasing the
sharing current to the first power storage device along a curve,
which is calculated and controlled by the control device 10 of
the regenerative power supply system according to the third
embodiment of the present invention, an adverse effect
caused by an abrupt charge of the first power storage device
can be prevented.

[0079] Referring to a flowchart of FIG. 7, the charge/dis-
charge control of the control device 10 is described in more
detail below. For simple description, a current value based on
a regenerative current value is shared between the first power
storage device and the second power storage device. To be
precise, after the current value is shared between the first
power storage device and the second power storage device,
the current value of each power storage device is calculated
and determined by the control device 10 in consideration of
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the voltages of the first power storage device and the second
power storage device and the resistance losses thereof. For
easy discrimination between charge and discharge, the cur-
rent values in the description are all expressed as positive
values.

[0080] First, In Step S1, the control device 10 detects the
generation of a regenerative current based on a motor brake
control signal or the like, and calculates an expected regen-
erative current I(t).

[0081] In Step S2, a current value I, at a power migration
start point is determined based on a state of charge (SOC) and
temperature of the first power storage device.

[0082] Subsequently, in Step S3, it is determined whether
or not the relationship “I(t)>1,” is satisfied.

[0083] When the determination result of Step S3 is “I(t)
=1,” (that is, NO), in Step S4, the regenerative current I(t) is
all charged in the first power storage device, and the process-
ing proceeds to Step S21 for returning (finishes the charge/
discharge operation for regeneration).

[0084] However, when the SOC of the first power storage
device is too high and the charge cannot be performed, the
processing skips Step S4 and cancels the execution of regen-
eration (the illustration is omitted in FIG. 7 for simplifica-
tion).

[0085] In Step S5, the value of a constant A is determined
based on the SOC and temperature of the first power storage
device. In this case, the value of the constant A is 2,400. When
the value of the constant A is set to be larger, a steep rise
occurs along a curve. In contrast, when the value of the
constant A is set to be smaller, a gentle rise occurs along a
curve.

[0086] On the other hand, when the determination result of
Step S3 is “I(t)>1,,” (thatis, YES), in Step S6, the regenerative
initial time (t=0) is set.

[0087] Subsequently, in Step S7, the value to be obtained by
increasing the sharing current I, (t) of the first power storage
device along a curve at the time t is calculated based on
Expression (2) below by using the current value I, set at the
power migration start point and the constant A.

L(O=/(4n+], @

[0088] InStep S8, it is determined whether or not the shar-
ing current I, (t) of the first power storage device obtained by
the calculation of Expression (2) is equal to or smaller than a
maximum allowable current value 1,,,, of the first power
storage device (I, ()=1,,, 1)

[0089] When the determination result of Step S8 is “I,(t)
>l (that is, NO), in Step S9, the sharing current I, (t) of
the first power storage device is replaced with the maximum
allowable current value I of the first power storage device
(1,(0-1,,4%), and the processing proceeds to Step S10.

[0090] On the other hand, when the determination result of
Step S8 is “I,(1)=1,,,” (that is, YES), in Step S10, a value
(-1, (1)) obtained by subtracting the sharing current I, (t) of
the first power storage device from the regenerative current
I1,(t) is calculated as a sharing current 1,(t) of the second
power storage device.

[0091] Subsequently, in Step S11, it is determined whether
or not the sharing current L,(t) of the second power storage
device is equal to or smaller than 0 (I,(1)=0).

[0092] When the determination result of Step S11 is “I,(t)
>0 (that is, NO), in Step S12, the sharing current I,(t) is
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assigned to the second power storage device, and the process-
ing proceeds to Step S18 for determination to be described
later.

[0093] On the other hand, when the determination result of
Step S11 is “I,(t)=0” (that is, YES), in Step S13, it is deter-
mined whether or not the sharing current I,(t) of the first
power storage device is equal to or smaller than the regenera-
tive current I(t), and it is confirmed that “I, (t)=I(t)” is satis-
fied. In some cases, the regenerative current I(t) becomes
smaller than the sharing current 11(¢) along with the time t
(with a lapse of time).

[0094] When the determination result of Step S13 is “I, (1)
>1(t)” (that is, NO), the regenerative current I(t) has become
smaller than the sharing current I, (t) of the first power storage
device, and hence there is an additional charge margin in the
sharing current I, (t) of the first power storage device. In Step
S14, the margin is calculated as I5(t).

[0095] Subsequently, in Step S15, the control device 10
controls the DC/DC converter for the second power storage
device so that the first power storage device is charged from
the second power storage device by the additional charge
margin [;(t) generated in the sharing current I, (t) of the first
power storage device.

[0096] Subsequently, in Step S16, a current value (I, (t)+];
(1)) obtained by subtracting the margin I5(t) from the sharing
current I, (t) of the first power storage device is set as a new
sharing current I, (t) of the first power storage device, and the
processing proceeds to Step S17.

[0097] On the other hand, when the determination result of
Step S131s “I, () =1(t)” (that is, YES), in Step S17, the sharing
current I, (t) is charged in the first power storage device.
[0098] Subsequently, in Step S18, it is determined whether
or not the sharing current I, (t) to be charged in the first power
storage device is equal to or smaller than 0 (I,(1)=0).

[0099] When the determination result of Step S18 is “I, (1)
>0 (that is, NO), it is regarded that there is still electric power
to be regenerated, and hence in Step S19, the time t is updated
and set to a value (t+At) incremented by the elapsed time At.
[0100] Subsequently, in Step S20, the regenerative current
1(t) is also updated and set to a value (I(t)+At) at a time (t+At)
incremented by the elapsed time At, which is fetched as new
data. Then, the processing proceeds to Step S7.

[0101] After that, the charge/discharge control process of
Steps S7 to S18 is repeatedly executed. Finally, when the
determination result of Step S18 is “I, (t)=0” (that is, YES),
the processing of the regenerative current is regarded as com-
pleted, and in Step S21, the charge/discharge operation for
regeneration is finished.

[0102] The sequence illustrated in the flowchart of FIG. 7 is
stored in a microcomputer mounted on the circuit board of the
control device 10 or the like. The control device 10 is
equipped also with a memory, and arithmetic processing data
necessary for the flowchart of FIG. 7 is stored in the memory.
[0103] The elapsed time At is different depending on
response time of the DC/DC converter or the performance of
the microcomputer. For example, even when the elapsed time
At is set to be about 0.1 seconds to provide a relatively long
control interval, the above-mentioned effects can be obtained
sufficiently.

[0104] In the above-mentioned third embodiment, the
regenerative current [A] is distributed. Alternatively, how-
ever, regenerative power [ W| may be distributed by a charge/
discharge control similarly to that of the flowchart of FIG. 7.
In any case, the same effects can be obtained.
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[0105] Inan actual case where the regenerative current [ A]
or the regenerative power [ W] is distributed between the first
power storage device and the second power storage device, it
is necessary to take into account the loss caused by the respec-
tive voltages and internal resistances and the loss caused by
energy conversion of the DC/DC converter. In this case, the
value of the regenerative current [A] or the regenerative
power [ W] is shared by being replaced with the actual current
and voltage of the first power storage device and the actual
current and voltage of the second power storage device (the
illustration is omitted in FIG. 7 for simplification).

[0106] In the above-mentioned third embodiment, the
maximum allowable current value I,,,,- (=100 A) of the first
power storage device, the current value I, (=50 A) at the
power migration start point, and the constant A (=2,400) are
fixed values. Alternatively, however, the value of the ratio [ %]
of'the current value 10 at the power migration start point to the
maximum allowable current value 1,,,, of the first power
storage device and the value of the constant A may be variably
set. This can greatly enhance the above-mentioned effects.
[0107] A description is now given of a modified example of
the ratio of the current value I, at the power migration start
point to the maximum allowable current value of the first
power storage device.

[0108] FIG. 8 is an explanatory diagram showing a set
value of the ratio of the current value at the power migration
start point to the maximum allowable current value of the first
power storage device with respect to the temperature of the
first power storage device.

[0109] InFIG. 8, the ratio of the current value at the power
migration start point to the maximum allowable current value
of the first power storage device is set to be smaller as the
temperature becomes higher than 20° C. and to be smaller as
the temperature becomes lower than 20° C.

[0110] This increases the sharing ratio of the high-output
lithium ion battery in a high temperature region and a region
lower than zero degrees where the damage to the high-energy
first power storage device is large. Thus, the damage to the
energy-type first power storage device can be reduced more
effectively.

[0111] Also the second power storage device is more likely
to have the same temperature as that of the first power storage
device. Thus, if the set value of the ratio of the current value
at the power migration start point to the maximum allowable
current value of the first power storage device is set to be more
than 50%, the damage to the high-output lithium ion battery 2
is increased adversely.

[0112] Itis therefore desired that the set value of the ratio of
the current value at the power migration start point to the
maximum allowable current value of the first power storage
device be 10% or more and less than 50%.

[0113] FIG. 9 is an explanatory diagram showing a set
value of the ratio of the current value at the power migration
start point to the maximum allowable current value of the first
power storage device with respect to the SOC level of the first
power storage device.

[0114] The ratio of the current value at the power migration
start point to the maximum allowable current value of the first
power storage device is set to be smaller as the SOC level of
the first power storage device becomes higher.

[0115] This increases the sharing ratio of the high-output
lithium ion battery in a region where the SOC level of the first
power storage device is high and the damage to the high-
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energy first power storage device is large. Thus, the damage to
the energy-type first power storage device can be reduced
more effectively.

[0116] When the first power storage device is in the region
in which the SOC level is high, the second power storage
device is also likely to be in a region in which the SOC level
is relatively high. Thus, if the set value of the ratio of the
current value at the power migration start point to the maxi-
mum allowable current value of the first power storage device
is set to be more than 50%, the damage to the high-output
lithium ion battery is increased adversely.

[0117] Itis therefore desired that the set value of the ratio of
the current value at the power migration start point to the
maximum allowable current value of the first power storage
device be 10% or more and less than 50%.

[0118] An appropriate set value of the constant A is greatly
different depending on the specifications of the first power
storage device to be used. When the value of the constant A is
large, the charge current abruptly increases. When the value
of the constant A is small, the charge current gradually
increases. Thus, by setting the value of the constant A to be
smaller as the temperature becomes higher than 20° C. and to
be smaller as the temperature becomes lower than 20° C., it
becomes possible to build a regenerative power supply sys-
tem in which the damage to the first power storage device is
effectively reduced at a high temperature and a low tempera-
ture (particularly, low temperature of 0° C. or lower) where
the durability of the first power storage device is poor.
[0119] By setting the value of the constant A to be smaller
as the SOC level of the first power storage device becomes
higher, it becomes possible to build a regenerative power
supply system in which the damage to the first power storage
device is effectively reduced at a high SOC level where the
durability of the first power storage device is poor.

[0120] Alternatively, the value of the constant A may be
variable depending on the degradation degree of the first
power storage device. By setting the value of the constant A to
be large in the initial stage where degradation is small and to
be smaller as closer to the end stage where degradation has
progressed depending on the degradation degree of the first
power storage device stored in the control device 10, it
becomes possible to reduce the damage effectively depending
on the degradation degree of the first power storage device.
The degradation degree of the first power storage device can
be determined based on an increase in internal resistance of
the first power storage device. Alternatively, the degradation
degree may be determined based simply on a cumulative time
of charge/discharge using the first power storage device. In
this case, the arithmetic operation of the microcomputer of
the control device 10 can be more simplified.

[0121] While the description of the above-mentioned first
to third embodiments assumes motor regeneration, the regen-
erative power supply system of the present invention can be
used for output leveling in solar power generation, for
example.

[0122] In the case of solar power generation, an abrupt
increase in output occurs when the sun comes out of the
clouds, and if the output is reversed to a system as it is, the
system voltage may increase abnormally. Leveling is there-
fore desired by storing electricity with the use of the regen-
erative power supply system of the present invention.

[0123] For example, the phenomenon that the output
abruptly increases when the sun comes out of the clouds is
similar to the above-mentioned third embodiment exempli-
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fying sudden braking. When the clouds are sparse such as
cirrocumulus clouds, this phenomenon is repeated in a short
period of time, and hence the effects of the present invention
can be obtained more remarkably. In this case, the term
“regeneration” is not used in the field of output leveling in
solar power generation, but means the charge of a power
storage device for output leveling in solar power generation.

REFERENCE SIGNS LIST

[0124] 1 lithium ion battery, 2 electric double layer
capacitor, 3 first DC/DC converter, 4 second DC/DC
converter, 10 control device, 100 regeneration/powering
operation source, Al first ammeter, A2 second ammeter,
A3 ammeter, V1 first voltmeter, V2 second voltmeter.

1. A regenerative power supply system, comprising:

a first power storage device of high energy type and a
second power storage device of high output type, which
are connected in parallel;

afirstammeter and a first voltmeter for measuring a current
and a voltage of the first power storage device, respec-
tively;

a second ammeter and a second voltmeter for measuring a
current and a voltage of the second power storage
device, respectively;

afirst DC/DC converter for controlling charge/discharge of
the first power storage device;

a second DC/DC converter for controlling charge/dis-
charge of the second power storage device; and

a control device for controlling the first DC/DC converter
based on each output of the first ammeter and the first
voltmeter and controlling the second DC/DC converter
based on each output of the second ammeter and the
second voltmeter,

wherein the control device comprises charge/discharge
control means including:

a function of using the control device to control, with
regard to reception of a regenerative current exceed-
ing a current value I, set at a power migration start
point, in an initial stage of regeneration (t=0), the first
power storage device to be assigned with a regenera-
tive current equal to or smaller than the current value
I, set at the power migration start point and control the
second power storage device to be assigned with the
regenerative current exceeding the current value I, set
at the power migration start point, and increasing a
sharing current I, (t) of the first power storage device
to a maximum allowable current value of the first
power storage device along a curve with a lapse of
time; and

a function of using the control device to perform dis-
charge from the second power storage device to the
first power storage device when the charge current
1,(t) of the first power storage device is equal to or
smaller than the current value I, set at the power
migration start point in a period during which the
regenerative current exceeding the current value set at
the power migration start point is being charged in the
first power storage device.

2. A regenerative power supply system according to claim

1, wherein the sharing current I, (t) of the first power storage
device is calculated based on the following expression:

Li(n=V(41)+],

where A represents a constant.
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3. A regenerative power supply system according to claim
1, wherein the current value I, set at the power migration start
point is 10% or more and less than 50% of the maximum
allowable current value of the first power storage device.

4. A regenerative power supply system according to claim
1, wherein the current value 1, at the power migration start
point is set to be smaller as temperature becomes higher than
20° C. and to be smaller as the temperature becomes lower
than 20° C.

5. A regenerative power supply system according to claim
1, wherein the current value 1, at the power migration start
point is set to be smaller as an SOC level of the first power
storage device becomes higher.

6. A regenerative power supply system according to claim
2, wherein a value of the constant A is set to be smaller as
temperature becomes higher than 20° C. and to be smaller as
the temperature becomes lower than 20° C.

7. A regenerative power supply system according to claim
2, wherein a value of the constant A is set to be smaller as an
SOC level of the first power storage device becomes higher.

#* #* #* #* #*
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